Osteoporosis is a disease of elderly people which results in enhanced bone fragility and increased fracture risk due to lowered bone mass and altered microarchitectural bone framework.
[1] This metabolic skeletal disorder creates a high burden for health care systems with increased fracture risk and for the patients with complications such as increased morbidity and mortality. [2, 3] The most commonly used drugs for osteoporosis in clinical practice are bisphosphonates. [4] [5] [6] Zoledronic acid is the most potent bisphosphonate that has been shown to significantly reduce the risk of fractures in patients who receive yearly doses for treatment of postmenopausal osteoporosis. [7, 8] Although osteoporotic fracture healing follows the same paths as in normal bone, the result is a weakened callus with diminished load carrying capacity and possible delayed healing and nonunion. Considering the poor quality and quantity of bone in osteoporosis, there are efforts to enhance fracture healing in this situation. [9] [10] [11] In treatment of osteoporosis, vitamin D3 (vitD3) and calcium supplementation has been considered a baseline therapy. It has been shown that administration of antiresorptive agents sustains or increases bone mass by suppressing bone resorption while maintaining normal bone formation. Up to date, many studies have been conducted on animal models with different pharmaceutical agents in order to enhance fracture healing in normal situations. [8, 10, 12] However, studies on osteoporotic animal models are lacking. Pharmaceutical agents, either systemically or locally applied, have been proposed to enhance fracture healing and callus strength in osteoporotic fractures. [13] [14] [15] In this study, we aimed to investigate the effects of zoledronate therapy on histological and biomechanical properties of bone healing via a fracture model generated on osteoporotic rat tibiae.
MATERIALS AND METHODS
This study was approved by the Ethical Committee of Kırıkkale University with the number of 2012-82 and conducted at Kobay laboratories. The closed, standardized diaphyseal fracture model in this study was adopted from Bonnarens and Einhorn, [16] and combined with post-ovariectomy osteoporosis model with heparin administration to induce osteoporosis. [17] 
Experimental animals
Forty female 14-week-old Wistar-Dawley rats were used. All the animals were in house laboratory ad libitum fed until they reached 300 g to 350 g of weight. No other additional nutrients were added to their diet. Bone mineral densities of four randomly chosen rats were calculated by dual emission bone absorptiometry (Hologic NV/SA, Belgium).
Initial surgical procedure
The study had a preliminary process in order to achieve osteoporotic rats. All rats were operated under Xylazine (Rompun, Bayer, Turkey) anesthesia at 10 mg/kg dosing for ovariectomy. Cephazoline sodium (Sefazol, Mustafa Nevzat, Turkey) was administered for antibiotic prophylaxis at 15 mg/ kg dosing preoperatively. Before surgical incision, abdomen was shaved and prepared with 7.5% povidone iodine solution (Batticon, Adeka, Turkey). Ovariectomies were performed by midline incision in a standard fashion. Sham operations were also performed.
All rats except the ones in control group were treated with daily administration of 2 IU/g subcutaneous heparin (Nevparin, Mustafa Nevzat Turkey). After four weeks of heparin treatment, four rats were randomly chosen for reassessment of their bone mineral density. Significant reduction of bone mineral density was confirmed and second part of the study was ensued. 
Second surgical procedure
The control group (n=10) and 30 rats which were ovariectomized and treated with daily heparin administration underwent a secondary surgical operation as described by Taguchi et al. [18] and Uchida et al. [19] Both tibiae of the rats were prepared for surgery as described above and a fracture model was created by drilling a hole in proximal tibial metaphysis.
Study groups
Except the 10 rats in the control group (group A), which had no other additional nutrients in their diet, 30 rats were randomly allocated to three different treatment groups. Group B was treated by daily oral administration of calcium and 0.1 µg/kg/day vitamin D with oral gavage. Group C was treated by intravenous administration of zoledronic acid one day after the second operation. Group D was treated by combination of treatments given to group B and C. Zoledronic acid was administered to groups C and D subcutaneously at a dose of 0.1 mg/kg two weeks after the second operation to mimic the real scenario of daily practice. All the rats were allowed to live in separate cages with free access to water and fed ad libidum.
Six weeks after the index operation, rats were sacrificed under ethylene anesthesia and their tibiae were harvested and freed of their soft tissues.
Histological examination
Two tibiae of each group were kept in 10% formaldehyde for four days and then embedded in 10% formic acid for 15 days to achieve decalcification. Then, these eight tibiae were embedded in paraffin and 4 µm longitudinal sections were obtained and stained with hematoxylin-eosin for microscopic evaluation.
Biomechanical testing
A total of 32 tibiae were prepared to assess their biomechanical properties. Both sides of tibiae were embedded in polymethymetaacrylate fast setting cement. A special podium and a socket were used to axially align the tibiae. Special socket served as cement molder for easy fixation on the jaws of material testing machine. Biomechanical properties were assessed by Instron 55MT2 Electromechanical Testing Machine, Partner Torsional Stiffness Software (Instron Co., Norwood, MA, USA). All specimens were tested torsionally at a load to failure rate of 2.5 degree/ second. Maximum load to failure value in terms of Nm and maximum rotational displacement in terms of degree were the parameters used in statistical analysis. Torsional stiffness of the specimens was calculated from the slope of the curve and also used for statistical analysis.
Statistical analysis
All data were expressed as mean ± standard deviation. For all data, comparisons between different 
RESULTS

Verification of osteoporosis
Four rats were randomly chosen from each group before the initial operation. Their bone mineral densities were assessed by bone densitometry (Hologic NV/SA, Belgium). After the first operation and ongoing daily heparin treatment, rats were again randomly chosen from each group and their bone mineral densities were reassessed. The final mean bone mineral density values decreased significantly from 0.1497 g/cm² to 0.1268 g/cm² (p<0.023). This corresponds to 18.4% decrease in bone mineral density.
Biomechanical test results
All tibiae were examined macroscopically after completion of the biomechanical tests. In all failed tibiae, the mode of failure was a spiral fracture line extending into the drill hole. Peak torque, peak angle, angle at peak torque, yield torque, and rotational stiffness values with their significance values in brackets are given in Table 1 . Figure 1a -c shows maximum failure load graphics, maximum failure angle graphics, and rotational stiffness graphics of all groups.
Histological results
Histological examination of the specimens revealed that bone healing was completed in all groups. Osteoporotic changes were seen in medulla of the specimens in groups A and B. In groups A and B, callus volume was significantly lower than in groups C and D (Figure 2 ).
Specimens in groups C and D had thicker and more mature bone trabeculae than groups A and B. Abundant cement lines were also seen in groups C and D, which were absent in groups A and B. Presence of abundant cement lines were suggestive of increased bone formation. Bone healing was in remodeling phase (Figure 3 ).
Histological examination results of the specimens in group D were nearly the same with the specimens in group C (Figure 4 ).
DISCUSSION
The most important finding of this study is the enhancement of both biomechanical and histological bone parameters in an osteoporotic rat model after treatment with zoledronic acid. Zoledronic acid treatment increased peak torque at failure, yield torque and stiffness without changing angle at peak torque of osteoporotic rat tibia.
Many of the studies about osteoporosis are conducted in nonosteoporotic species which might hinder the effects of osteoporotic agents. In this study, we used the osteoporotic model of Ozturan et al. [20] and proved the establishment of osteoporosis with ovariectomy and heparin treatment with dual X-ray absorptiometry measurements. This osteoporotic bone architecture offered a suitable milieu for exploration of net effect of zoledronic acid. The net effect of estrogen deficiency is decreased bone mass due to increased bone resorption secondary to increased osteoclastic activity and decreased new bone formation secondary to decreased osteoblastic lifespan. [21] In another study, increased levels of tartaric resistant acid phosphatase (TRAP) were shown in blood samples of ovariectomized rats. [22] Combination therapy with zoledronic acid and vitD3 had the most pronounced effect in decreasing serum levels of TRAP which is a measure of bone resorption. Khajuria et al. [23] showed that zoledronic acid plus vitD treatment had the most significant effect on return to the preovaricetomy bone strength and morphology. In contrast to their findings, we did not observe any additional effect of dietary vitD3 on bone strength and morphology. This difference might be due to the net oral ingestion of calcium and 0.1 µg/kg/day vitD3 in rat diet with oral gavage.
Osteoporosis decreases bone quality and strength. As a result, bones become brittle and fractures occur even with minor trauma. There are many efforts to increase the biomechanical and histological bone characteristics in state of osteoporosis both before and after fracture occurrence. [24] Kiely et al. [25] were the first to show new bone formation stimulation in an experimental study. They clearly demonstrated that zoledronic acid treatment increased new bone formation. In our study, rats in zoledronic acid treated groups had better bone histology and biomechanical characteristics. The significant increase in peak torque at failure means increased bone mineral content and enhanced bone microarchitecture or both. These effects cannot be explained solely with antiresorptive effects of zoledronic acid. There must be some other mechanisms besides the antiresorptive effect to explain the significant increase in bone strength and histological new bone formation. Russel [26] argued that new bone formative effect of zoledronic acid may be due to stimulation of osteoblasts via mevalonate pathway.
Historically, many foods and mineral supplements were accepted as bone strengtheners in osteoporosis. In our study, addition of calcium and vitD treatment to zoledronic acid therapy did not contribute to fracture healing. There are conflicting results showing beneficial effects of dietary supplemental calcium and vitD on bone strength in osteoporotic rats. [27] Histological examination of the species revealed that zoledronic acid treatment not only increases callus formation but also improves trabecular microarchitecture. Staining with hematoxylin and eosin led us to make clear distinction of woven and mature bone and also periosteal and medullary fibrosis. In this fracture model, endochondral ossification prevails the bone healing process. Later on, this nonmineralized cartilage scaffold (woven bone) is replaced with new bone formed by osteoblasts. This is the stage where osteoclastic resorption starts indicating beginning of remodeling. There is an ongoing argument that antiresorptive agents might hinder bone healing. [28] However, in our study, the specimens which received zoledronic acid treatment showed larger callus volume and increased woven and trabecular bone. These findings suggest that zoledronic acid treatment in an osteoporotic bone model not only stimulates primary bone production but also enhances retention of trabecular bone due to inhibition of remodeling.
There are some limitations of this study. First, the callus size of the fracture sites was not evaluated with micro-computed tomography analysis. This technique provides more detailed information on the callus volume. Second, serum zoledronate concentration was not detected because of technical difficulties.
In conclusion, fracture healing in an osteoporotic rat bone model was significantly increased via subcutaneous administration of zoledronic acid as shown by biomechanical and histological means. This effect was not influenced by oral calcium and vitD supplementation.
